ticularly for unattended, automated data acquisition. In many field experiments, these limitations prevent the Accurate soil water content measurements to considerable depth method from being useful for determining the depth of are required for investigations of crop water use, water use efficiency, irrigation efficiency, and the hydraulic properties of soils. Although water added to the soil via irrigation or precipitation withthe soil moisture neutron probe has served this need well, it cannot out confounding effects of crop water use and evaporabe used unattended. Newer methods, which respond to the electrical tion from the soil surface that occur between measureproperties of soils, typically allow data logging and unattended operaments. Since 1980, several methods have been brought tion, but with uncertain precision, accuracy, and volume of sensitivity.
Because the temperature effects on the TDR measurement are emguides) that are inserted into or buried in the soil and bedded in the BEC and effective frequency, a measurement of temperare connected to a TDR instrument either directly or ature is not needed to apply the calibration to these soils. through a system of coaxial multiplexers, for the purpose of capturing a waveform that is analyzed to determine the travel time of the TDR pulse along that length of A ccurate soil water content values from the surface the probe rods that is in contact with the soil. Due to to well below the root zone are required for deterinstallation difficulties, these TDR systems are not well mination of crop water use, water use efficiency, irrigaadapted for determination of water contents well below tion efficiency, and the hydraulic characteristics of soils. the root zone. However, a conventional TDR system For nearly 50 yr, the profiling neutron moisture meter was used in the soil column comparison study as a refer-(NMM) has served this need well. Useful measurements ence system because of its perceived relative immunity with the NMM may be made in depth increments as to temperature and bulk electrical conductivity interfersmall as 10 cm, from as shallow as 10 cm (Evett et al., ences, with the intention of using water contents deter-2003) to depths Ͼ30 m. But, increasing regulatory burmined by TDR at multiple levels in each column to dens, including the requirement that the NMM not be calibrate the other instruments. Calibration of the other left unattended, limit the usefulness of the method, parsystems depended on good accuracy with the TDR sys-tem. Here we discuss calibration of the conventional TDR system. The TDR method makes use of electrical theory for signals in wave guides. For a coaxial cable, the value of the propagation velocity, v, of an electronic pulse along the cable is inversely proportional to the permittivity, ε, of the dielectric (insulating medium, often plastic) between the inner and outer conductors of the cable:
v/c o ϭ (ε) Ϫ0.5 [1]
where c o is the speed of light in a vacuum, and is the magnetic permeability of the dielectric material. For a TDR probe in a soil, the dielectric material between the probe rods is a complex mixture of air, water, and soil particles that exhibits a variable apparent permittivity, ε a , which in turn affects the velocity of a pulse along the probe rods. The measured property in the TDR 
parameters are described numerically in Evett (2000a Evett ( , 2000c , where V o here is denoted V o2 . Topp et al. (1980) found that a single polynomial function described the relationship between volumetric waFortunately, conventional TDR may be used to assess ter content, v , and values of ε a determined from Eq. a (Wraith, 2002) [2] for four mineral soils.
Since 1980, other researchers have shown that the where ε o is the permittivity of free space (8.854 ϫ 10
Ϫ12
relationship between v and t t /(2L) is practically linear F m
Ϫ1
), c o is the speed of light in a vacuum (299 792 458 (e.g., Ledieu et al., 1986; Yu et al., 1997) . Indeed, Topp m s Ϫ1 ), L is the probe length (m), V o , V F , and V I are and Reynolds (1998) found that Eq. [3] is equivalent to relative voltages measured from the wave form ( Fig. 1 ), v ϭ 0.115(ε a ) 0.5 Ϫ 0.176. We note here that the apparent Z o is characteristic impedance of the probe (⍀), and Z u permittivity, as calculated from travel time using Eq. is the characteristic impedance of the cable tester (⍀).
[2], contains any deviation from unity of . In addition, Topp et al. (2000) and others found that Eq.
[4] accuthe value of ε a increases with the bulk electrical conducrately provides the soil BEC. Thus, it should be possible tivity, a (S m Ϫ1 ), of the soil (Wyseure et al., 1997; Rob- to include the important effects of temperature-depeninson et al., 2003), particularly for a Ͼ0.2 S m
. Also, dent a in a soil specific TDR calibration. the value of a increases with soil water content (Rhoades et al., 1976; Mmolawa and Or, 2000) . The value of ε a HYPOTHESIS DEVELOPMENT may increase or decrease with temperature depending on the soil texture (Campbell, 1990; Pepin et al., 1995;  For a signal at a single angular frequency, , the Persson and Berndtsson, 1998; Wraith and Or, 1999) effect of direct current electrical conductivity, dc , on and increases as measurement frequency decreases the apparent permittivity can be represented by (Rob-(Campbell, 1990) . The latter fact means that, for a inson et al., 2003) broadband method such as TDR, there is a cable length effect because coaxial cable acts as a low pass filter-the ε a ϭ εЈ
longer the cable, the less signal energy is present in the higher frequencies. The TDR estimated value of ε a increases with cable length (Hook and Livingston, where εЈ is the real component of the complex dielectric 1995), particularly for high surface area soils (Logsdon, permittivity, ε″ relax is the increase in permittivity due to 2000). Topp et al. (2000) found that TDR signal dielecrelaxation losses, and the other terms are as defined tric loss is a function of a , regardless of whether this above. Although Eq.
[5] is for a single frequency, it conductivity arises from soil water solution conductivity includes the effects that are important interferences to or from clay type and content. Thus, TDR calibrations the TDR method. As the signal frequency decreases should take a into account, and probably cable length (longer cables), the value of dc / increases, leading to larger values of ε a . As conductivity increases (soils with as well. larger BEC), the value of ε a increases, more so at lower accurately calibrated, TDR determined water contents would be used to cross-calibrate the other sensors in frequencies. As relaxation losses increase (e.g., bound water effects), the value of ε a increases. For broad band our larger study. signals such as that of TDR, the angular frequency may be replaced by 2f, where f is an effective frequency MATERIALS AND METHODS (Robinson et al., 2003) , which previously has been calcuThree soils were acquired in Fall 2000 at Bushland, TX, air lated for TDR in at least two different ways (Or and dried, crushed, and sieved to Ͻ2-mm diameter. The soils were Rasmussen, 1999; Topp et al., 2000) . where the coefficient c is likely to be negative. This is The 50% CaCO 3 content of Soil C should illuminate effects similar to the model suggested by Wyseure et al. (1997) .
of this soil chemical composition on measurements.
The effective frequency will decrease for longer caEach soil was packed uniformly in 5-cm lifts into three bles and in dispersive soils. Also, the degree of disperreplicate columns. Soil in each column was 75 cm deep and (Evett, 2000a (Evett, , 2000b running under DOS and controlling a Equation [9] embodies the essential information about effective frequency changes without relying on fitting a tangent conventional TDR system comprising an embedded computer (IBM PC/AT compatible), cable tester (model 1502C, Tekline horizontal to a part of the waveform that may be poorly defined due to multiple reflections. tronix Inc., Redmond, OR), and five coaxial multiplexers arranged in a star configuration with one primary and the others Assuming that calibrations of TDR travel time vs. water content are practically linear, an accurate two-point calibrasecondary (Evett, 1998) . Travel times were determined automatically by TACQ using the default waveform interpretation tion should be possible if conductivity and temperature effects are minimal. Thus, the TDR system was calibrated vs. the algorithms. Apparent dielectric constant was calculated using Eq.
[2]. Total coaxial cable length varied among columns from column mean water contents for each soil using data from the air-dry state and the saturated state. In addition, calibrations 6.4 to 10.0 m, such that no one soil type had a preponderance of shorter or longer cables (Table 1) . Bulk electrical conductivwere conducted with both travel time and conductivity as independent variables as in Eq.
[6], and with travel time, ity was calculated from Eq. [4], using relative voltage values V o and V f determined using the waveform positions described conductivity, and effective frequency as independent variables as in Eq. [7] . in Evett (2000a Evett ( , 2000c (Fig. 1) . For BEC calculations, the mean probe characteristic impedance for three probes was determined from repeated (n ϭ 8) measurements of V o and
RESULTS AND DISCUSSION
V min in deionized water using (Wraith, 2002) After packing, the soil columns had mean initial water contents of approximately 0.05 m 3 m Ϫ3 (Table 2) , and
mean bulk densities of 1.48, 1.47, and 1.40 Mg m Ϫ3 for Soils A, B, and C, respectively. Saturated water contents where ε w is the permittivity of water, and V o and V min are as in Fig. 1 . Water temperature was measured using a thermometer varied, with Soils B and C having larger saturated water traceable to NIST, and water permittivity was calculated accontents due to swelling and the resultant increases in cording to Weast (1971, p. E-61) . Probe characteristic impedporosity. Column mean water contents estimated from ance measurements were repeated for each total cable length TDR using Eq. [3] from Topp et al. (1980) (Table 3) , with slope and intercept close to data output by TACQ (Evett, 2000a (Evett, , 2000c (Fig. 1) . This the values reported by Topp and Reynolds (1998) , but differs from the procedure used by Topp et al. (2000) , which relied on finding the maximum value of the second rising limb with a slightly smaller slope value than those reported to fit a horizontal line tangent to it. Finding this maximum
by Yu et al. (1997) . termined by the method to Topp et al. (2000) to be larger than that determined by our method, in effect confounding sons of intercepts and slopes (SAS, 2004) showed that these were significantly different for the three soils. AcOur Soil C is approximately 50% CaCO 3 , far from the curacy for the individual soil calibrations was better than kind of mineral soils studied by Topp et al. (1980 
Temperature Dependency
were smaller than that reported by Topp and Reynolds (1998) , which was based on the four mineral soils studied
The calibrations shown in Table 3 are highly signifiby Topp et al. (1980) , three of which had clay contents cant, explain Ͼ99% of the variability in the data, and in the range of the A and B soils studied here. The exhibit low RMSE values. However, there was some difference is probably attributable to differences in clay horizontal jitter in the data from Soils A and B at the mineralogy, the clay in our soils being rich in smectitic saturated end (Fig. 2, inset ). This variation in travel clay (montmorillonite), which is known to be electrically time for essentially constant water content could be due more lossy than clays with smaller ion exchange capacito a temperature effect that was not observed in our ties and surface areas. The smaller slopes for our A and earlier experiments (Evett et al., 2002a (Evett et al., , 2002b . To in-B soils would mean that a given measured travel time vestigate this, we regressed water content, derived from would result in an overestimate of water content (for TDR travel time measurements using the calibrations large water contents) if the Topp and Reynolds (1998) in Table 1 , vs. soil temperature, both sensed at 15-cm equation were used. However, errors that would occur depth in all columns. For Soils A and C, the regressions for measurements in our Soils A and B using the equaexplained Ͻ9% of the variability in the data (r 2 Ͻ 0.09), tion of Topp et al. (1980) ). For our However, for Soil B, the regression explained 49% of Soil C, use of the Topp et al. (1980) (Fig. 3) .
Because there seemed to be some trend in the data tion, but by only 0.001 m 3 m Ϫ3 at air-dry water contents. Water content data for the second and third column of each soil were adjusted to match the mean of the water content for the first column so that the data would overlap despite small differences in column water contents, allowing any temperature dependency to be apparent. from the 15-cm depth for Soils A and C, we then regressed the column mean travel times vs. the column mean temperatures in an effort to reduce the signal/ noise ratio by essentially averaging out the noise through the combined use of data from the eight TDR probes in each column vs. the use of data from one probe at 15 cm in each column. All three regressions were only 3.5% of the variation in water content and, with its small slope, is not considered important. Regressions for both Soils A and B explained important amounts in turn increases with soil water content. This explains of the variation in water content, and the slopes indiwhy, in the air-dry state when BEC was smallest and cated that temperature induced errors could be as large effective frequency was largest, none of our three soils as 0.017 m 3 m Ϫ3 per 10ЊC for Soil A and 0.032 m 3 m
Ϫ3
exhibited any temperature dependency for TDR. per 10ЊC for Soil B (Table 4 , Fig. 4 
). The increase in
Mindful that coaxial cables act as low pass filters and the percentage of water content variation that is exthat increasing cable length will lead to loss of high plained for Soils A and B is due to the improved signal/ frequency components of the TDR pulse, we regressed noise ratio resulting from the combination of data from column mean water contents for each column vs. column eight probes for each column. This partially explains mean temperatures and plotted the slopes vs. total cable why in our earlier work (Evett et al., 2002b) we did not length for each column (Fig. 5 ). There is an apparent see an important effect of temperature in water content nonlinearly increasing temperature dependency with cadata from conventional TDR when using data from only ble length. Thus, for Soils A and B it appears that a one depth. It also explains why some total profile water complete TDR calibration should account for the effects content data from TDR shows temperature dependency of both soil temperature and cable length. Since the when this dependency is not observed in data from effect of soil temperature is tied to the temperature individual probes. dependency of BEC, and since the cable length effect Temperature dependency of TDR measurements is is tied to the fact that cables act as low pass filters, then partially linked to loss of high frequency components of the TDR pulse in lossy media. Soils A and B in our Eq.
[6] and [7] may be useful calibration models. study are examples of lossy media, with the 50% clay Soil B being considerably more lossy. As measurement Bulk Electrical Conductivity frequency decreases temperature dependence increases.
The characteristic impedance of our TDR probes inThis is predicted by Eq. [5] where the quantity dc / creased linearly with cable length, ranging from 260 to becomes larger as becomes smaller. Temperature dependency also increases with the BEC of the soil, which 267 ⍀ for cable lengths ranging from 6.4 to 10.0 m, Fig. 4 . Column mean water content from TDR measurements in all columns vs. column mean soil temperature for Soils A, B, and C. Water content data for the second and third column of each soil were adjusted to match the mean of the water content for the first column so the data would overlap despite small differences in column water contents. larger mean value of a and larger slope for Soil B were to those found by Persson and Berndtsson (1998) for a mix of montmorillonite clay and sand and for a clayey respectively (Fig. 6 ). For the same five cable lengths, moraine soil. Although the relationship between a and impedance standard deviations ranged from 1.7 to 2.8 temperature was apparently linear for Soil C (Fig. 7) , ⍀, in no particular order, indicating good repeatability the coefficient of determination and slope were both among probes. In air-dry soil, relationships between a smaller than for Soils A and B. The values of a were and temperature were significant but weak (Table 5) . also approximately twice as large for Soils A and B as Linear regression slopes were less than Ϫ1.15 ϫ 10
Ϫ4
for Soil C at any given temperature. These results exand regressions explained less than 26% of the variation plain both the results on the temperature dependency in a . While the coefficients of determination were small, of travel times (apparent water contents) and the results there was very little scatter in the data, as shown by the of the calibrations. The latter showed lower calibration small values of RMSE. Mean values of a were Ͻ0.042 slopes (greater sensitivity of t t to changing water condS m Ϫ1 , and a increased with increasing clay content, tent) for Soils A and B, corresponding to the larger in agreement with the results of Rhoades (1981) , who BEC values and greater temperature dependency of found that soil matrix conductivity increased with clay BEC for these soils. Note that the slopes for saturated content. soils in Table 5 are larger for Soils A and B than the For the saturated soils, mean values of a were an well-established relationship between electrolytic conorder of magnitude larger, in agreement with the well ductivity and temperature of 0.019 dS m Ϫ1 ЊC Ϫ1 (Rhoades known positive relationship between a and water conet al., 1999) . Similar slopes have been measured by othtent (Gupta and Hanks, 1972; Rhoades et al., 1976; Bohn ers (e.g., Persson and Berndtsson, 1998) et al., 1982) . Also, a linearly increased with temperature Also, there is no reason to think that bulk electrical for the saturated A and B soils, with linear regressions conductivity in saturated clayey soils is wholly deterexplaining 82% of the variation in a (Table 5) . The mined by the electrolytic conductivity of the bulk soil water. A, B, and C, respectively, similar to those found by Air dry Topp et al. (2000) for dry soils. When the soils were because our soils were wetter (saturated), but also be- † Value is adjusted coefficient of determination.
cause of the differences in our method in calculating in the calibration model (Eq. [7] ) resulted in greater improvement in the RMSE of regression for the combined data, reducing it by one-half, even though no additional coefficient was fitted. Although RMSE values for Soils B and C were not reduced over those obtained with the Eq. [6] model, the c coefficients were all negative, in agreement with theory. Also, the b coefficients were similar in value for the combined data and for the individual soils, indicating that the Eq.
[7] model encompassed the important physical effects of bulk electrical conductivity and signal frequency loss for the three soils and the TDR systems with varying cable lengths. Surprisingly, inclusion of a effects in Eq.
[6] did not result in an overall decrease in the temperature dependency of estimated water contents (Table 8 ). Compared (1980) equation, the calibrations based on Eq.
[6] resulted in decreased temperature dependency for Soil A, effective frequency. The effective frequency was largely but increased dependency for Soils B and C. Because dependent on soil wetness, decreasing for wetter soils, of the large temperature dependency of a , this was not but also decreased for longer cable lengths (Fig. 8) ,
expected. However, inclusion of both a and effective more so when the soil was air dry. The smallest value frequency in the Eq.
[7] model resulted in calibrations of effective frequency was for the saturated Soil B, that exhibited uniformly small temperature dependenwhich we expected to be the most electrically lossy soil cies, all Ͻ0.0006 m 3 m Ϫ3 ЊC Ϫ1 temperature change. We due to its larger clay content and the illitic and montmoconclude that the full model (Eq.
[ 7]) is more physirillonitic clay types. Effective frequency was also temcally realistic. perature dependent, much more so in air-dry soil than in saturated soil (Table 6 ). This behavior was similar to the effect of cable length, which was much stronger for
DISCUSSION AND CONCLUSIONS
air-dry soils.
For the three soils, ranging from 17 to 48% clay, For the combined data from all soils, inclusion of inclusion of both bulk electrical conductivity and an a in the calibration model (Eq. [6]) resulted in some effective frequency in the calibration model (Eq.
[7]) improvement (decrease) in the RMSE of regression resulted in a common calibration equation with an accu-( Table 7 ) compared with that for the model including racy of 0.01 m 3 m Ϫ3 and a temperature sensitivity of only travel time (Table 3 ). The regression coefficient c Ͻ0.0006 m 3 m Ϫ3 ЊC
Ϫ1
, a factor of six smaller than that was significant (P Ͻ 0.0001) and negative, in accordance for a soil specific calibration done using only travel time with the theory (embodied in Eq. [5] ) that increases in as an independent variable. The accuracy was improved a result in corresponding increases in apparent pertwofold over that for a common calibration using only mittivity that are not related to increases in water contravel time. Extending the results of Wyseure et al. tent. All coefficients were significant (P Ͻ 0.0001) for (1997), we found that the model including effective freindividual soil calibrations as well, but contrary to thequency, in addition to travel time and bulk electrical ory, the c coefficient was positive for Soil B, and it was conductivity, was capable of correcting the temperature twice as large as that for Soil A. Also, the b coefficient dependency of TDR derived water contents. for this soil was much smaller than those found by Topp
The success of the Eq.
[7] calibration model contraand Reynolds (1998), by Ledieu et al. (1986) , and from dicts the analysis of Wraith and Or (1999) that argued our own data (Table 3) .
for a negligible effect of the loss tangent, which includes Inclusion of both a and the effective frequency, f vi , a /(2f vi ε o ), for soil water with a conductivity of 0.075 Table 6 . Linear regression equations of effective frequency, f vi
S m

Ϫ1
. That analysis used a conductivity that was too (MHz), vs. temperature (؇C) for the A, B, and C soils under small to reflect conditions of our study. Soil BEC may air-dry and saturated conditions. Intercepts and slopes were be a factor of from 5 to 18 times smaller than soil solution significant (P ϭ 0.0001).
EC (Rhoades et al., 1999) . If the factor is 10 for our of soil water would not necessarily apply. We also note † Value is adjusted coefficient of determination.
that the effective frequencies we measured for saturated More problematic for wide adoption is the proposed ation effects on the imaginary permittivity, ε″. Relaxation effects may explain the slightly smaller values of calibration model's inability to predict a decrease in permittivity with temperature, a phenomenon reported coefficients b and c for Soil B, which was the most lossy soil. However, the success of the full model using by Wraith and Or (1999) and others for some soils. If the decrease is due to the decline of the permittivity of combined data from three soils indicates that relaxation effects are minor in these soils.
bulk water as temperature increases, then it may be that a summed effect will suffice to extend the proposed The inclusion of effective frequency in the calibration model allowed both the low-pass filtering effect of model to these soils. Such an effect would easily explain the decline in bulk soil permittivity reported by Wraith longer cables and the decrease of effective frequency with temperature increase to be accounted for, practiand Or (1999) for the 0 to 65ЊC temperature range and for the water contents in their study. Because we did cally eliminating both the tendency of the TDR system to overestimate water contents from probes attached not study a soil that behaved in this manner, study of the problem is beyond the scope of our investigation. to longer cables and the temperature dependency of TDR readings.
The fact that the proposed calibration model (Eq.
[7]) does not reflect a complete physical analysis of the The Eq.
[7] calibration model, including bulk electrical conductivity and effective frequency properties as soil water system (e.g., does not explicitly account for relaxation losses, temperature effects on permittivity of independent variables, can be applied easily using data collected by the TACQ TDR data acquisition program. bulk water) may cause it to be inappropriate for some soils. However, we believe that for many soils, it includes Modification of other TDR data acquisition systems to output the required slope data, which is already interthe important effects of frequency loss (whether due to cable length or soil dielectric) and bulk electrical nally computed in these systems, should be easy. Most TDR systems already provide the needed data for BEC conductivity. It will be interesting to see if calibrations in other soils using this model result in similar model pacalculations. An important result of this study is that soil temperature need not be measured. Its effects are rameters. embedded in the behavior of BEC and effective frequency. The Eq. were those generated using the combined data for all three soils (Table 7) .
and collecting and processing data for this and the companion experiment. 
